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Laguerre-Gaussian (LG) beam has orbital angular momentum (OAM). A particle trapped in an
LG beam will rotate about the beam axis, due to the transfer of OAM. The rotation of the particle
is usually in the same direction as that of the beam OAM. However, we discovere that when the LG
beam is strongly focused, the rotation of the particle and the beam OAM might be in the opposite
direction. This anomalous effect is caused by the negative torque on the particle exerted by the
focused LG beam, which is similar to the optical pulling force in the linear case. We calculated the
scattering force distribution of a micro-particle trapped in an optical tweezers formed by the strongly
focused LG beam, and showed that there exist stable trajectories of the particle that controlled by
the negative torque. We proposed several necessary conditions for observing the counter-intuitive
trajectories. Our work reveals that the strongly trapped micro-particle exhibits diversity of motion
patterns.
I. INTRODUCTION
Optical tweezers use radiation force of laser beams to
trap or manipulate micro- or nano-particles. Since the
first discovery of laser trapping of particles [3, 4, 8], opti-
cal tweezers techniques have attracted more and more
interest in the fundamental research and applications,
ranging from molecular biology to high-precision mea-
surement [11, 19]. Optical tweezers have become an
important tool for studying the non-equilibrium pro-
cess of deoxyribonucleic acid (DNA) in molecular biology
[5, 15, 17, 20]. Recently, optical tweezers were also used
to study the basic problems of thermodynamics and to
develop new types of quantum devices [12, 16, 18, 28] .
The fundamental Gaussian mode of laser beams are
the common choice for the optical tweezers experiments
[9, 27, 29]. In recent years, laser beams with various
non-trivial modes, such as Bessel beams and Laguerre-
Gaussian (LG) beams [2, 10, 13, 19, 21, 30], were in-
troduced in the optical tweezers systems. Among those
laser beams, the LG beams, which carry orbit angular
momentum (OAM) and exert torque to the trapped par-
ticles [1, 26, 30, 31], can be used to manipulate the an-
gular motion of the particles. Meanwhile, with the angu-
lar motion considered, the particle exhibits remarkable
differences in trapping stability [22, 23]. Environmental
dissipation (friction) is essential to stabilize the angular
motion of the particle.
In an optical tweezers system, the beams of non-trivial
spatial modes lead to many counter intuitive phenomena,
such as the backward pulling force generated by a forward
propagating Bessel beam [6, 7, 14, 24, 25]. Moreover, the
strongly focused laser beams exhibit different physical
characteristics from the paraxial beams. In the paraxial
beam case, an LGpl beam carries well-defined OAM with
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the quantum number l. A particle trapped in the parax-
ial LG beam would feel a torque in the same direction of
OAM. However, when the LG beam is strongly focused,
the field distribution of the beam is significantly modi-
fied. We found that the torque exerted on the particle
is unnecessarily the same as the OAM of the trapping
beam. In the following, we refer to the torque opposite
to the OAM as the optical negative torque (ONT).
The ONT will significantly affect the angular motion
of the trapped particles. Driven by the ONT, the parti-
cle can rotate in the opposite direction to the OAM of
the trapping LG beam. A key question is whether the
anomalous trajectories is stable, so that they could be
observed experimentally. We used Lorentz-Mie theory to
calculate force field of the particle in the strongly focused
laser beam and studied the motion of the particle in the
different dissipative environments. We found that the
dissipation caused by the residual pressure is crucial to
the trapping stability and the anomaly of motion. With
suitable dissipation, the anomalous trajectory of the par-
ticle driven by the ONT would form a stable circle orbit.
Besides, the orbits is robust against to the perturbations
on position and velocity of the particle. We systemati-
cally study the dependence of the ONT on the laser in-
tensity, particle size and environmental dissipation, and
propose a feasible manipulation project in experiment.
II. FORCE AND MOTION
We consider a micro-particle which is trapped by
strongly focused Laguerre-Gaussian beams. Figure 1(a)
shows the electric field distribution of a typical circularly
polarized LGpl beam with wavelength λ = 1064 µm and
the radical index p = 0 and azimuth index l = 3. Because
of the non-zero OAM, the intensity distribution on the
beam focal plane exhibits a bright ring. Small particles
with R λ are usually trapped on the bright ring, which
corresponding to a double-well “optical potential” in the
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Figure 1. (a) The intensity distribution of a strongly focused
LG03 beam in the focal plane. (b) The distribution of the
radiation force exerted on a particle of radius R = 1.3 µm.
(c) The radial and azimuthal components of the radiation
force, as functions of the center-of-mass radius of the trapped
particle. According to the sign of the azimuthal force Fθ, the
focal plane can be divided into three regions. In the second
region β, the direction of the optical torque is opposite to the
direction of the OAM of the beam.
radial direction. However, for large particles with R ∼ λ
in our case, the center of the trapped particle coincides
the dark point of the beam [31].
Figure. 1(b) shows the radiation force exerting on the
center of mass (CoM) of a glass spherical particle with
refraction index n = 1.5 and radius R = 1.3 µm. The
force field F (rCoM ) in the circularly polarized LG beam is
rotational invariant. Figure 1(c) shows the radial compo-
nent and azimuthal component, Fr and Fθ, respectively.
The radial force is always negative (Fr < 0) which in-
dicates that the optical force tends to pull the particle
to the beam center. However, the azimuthal component
changes sign as increasing the radial distance rcm of the
trapped particle. There are three regions, according to
the sign of the azimuthal force [see Figs. 1(b)&(c)]. Par-
ticularly, the azimuthal force become negative in the re-
gion with 0.3 µm< r <1.2 µm. The optical torque τ
exerted on the particle is in the same direction of the
OAM of the LG03 beam in the regions α and σ, while in
the region β the particle feels an ONT.
The counter-intuitive ONT causes non-trivial motion
of the trapped particle. We consider the equations of
motion of the particle,
mr¨ −mrθ˙2 = Fr − γ(P )r˙
2mr˙θ˙ +mrθ¨ = Fθ − γ(P )θ˙ , (1)
where m is the mass of the particle, γ(P ) is the friction
coefficient due to the residual gas. The transient mo-
tion relies on the initial conditions of the particle (e.g.,
initial position and velocity), which are usually not well-
controlled. Here, we focus on the stable rotation of the
particle, which can be conveniently observed in experi-
ments. Due to the rotational symmetry of the radiation
force, an obvious solution of Eq. (1) is a uniform circular
motion with r˙ = 0 and θ˙ = 0. In this case, the radical
force Fr provides the centripetal force, and the azimuthal
force Fθ is compensated by the friction force.
For a given pressure P , the two requirements in Eqs.
(1)&(1) determine the possible radius R∗ of the circle
orbit. In the low damping limit, Eqs. (1)&(1) have no
solution, which means the friction is too weak to slow
down the angular motion of the particle. While in the
high damping limit, Eqs. (1)&(1) only have trivial so-
lution of R∗ = 0. The particle, in this case, is confined
around the beam center. In the intermediate region, as
shown in Fig. 2(a), there exists several non-trivial so-
lutions that the particle can have stable circular orbits.
More interestingly, some of the orbits lie in the ONT re-
gion, where the angular velocity is opposite to the OAM
of the trapping beam. We refer to the counter-intuitive
motion driven by the ONT of the strongly focused LG
beams as the anomalous motion of the particle in the
following.
To be observed in real experiments, the anomalous mo-
tion should be robust against to perturbation. To analyze
the robustness of the anomalous motion, we expand Eq.
(1) around the circle solution. With r(t) = r0+δr(t) and
θ(t) = θ0 + δθ(t) and keeping up to the linear terms of
the fluctuations δr(t) and δθ(t). Using the normalization
factor 1γr0 , the Equation (1) is linearized as
 a˙b˙
c˙
 =
 0
γ
m 0
mω2+k1
γ − γm 2ω
k2−γω
γ −2ω − γm

 ab
c
 (2)
with setting a = 1r0 δr˙, b =
m
γr0
δr¨ and c = mγ δθ¨, where
∂rFr = ∂Fr/∂r|r=r0 and ∂rFθ = ∂Fθ/∂r|r=r0 are the
derivatives of the radiation force components with re-
spect to the orbits radius. The eigenvalues {λi}3i=1 of
the coefficient matrix determine the stability of the circle
orbits. A robust orbit requires that the real part of the
eigenvalues should be negative, i.e., Re[λi] < 0 for i = 1,
2 and 3. Figure (2)b shows the maximal value of the real
part of three eigenvalues, i.e., Λmax = maxi[Re[λi]], as
a function of the circular orbit radius. The particle can
have robust circle orbits with both positive and negative
angular velocity.
The dependence of radius of the robust circle orbits
on the pressure exhibits non-trivial behavior. In generic
cases (e.g., trapping with Gaussian mode beams), the
radius of the circle orbit would be decreased if one in-
creases the environmental dissipation by increasing the
pressure. However, the inset of Fig. 2 shows an anoma-
lous expansion of the orbit size as increasing pressure.
This is essentially caused by the non-trivial angular force
distribution of the strongly focused LG beam (see Fig.
1).
Figure 3 shows the typical trajectories of the trapped
particle in different regions under small perturbation.
Given an environmental pressure, e.g., P = PD, the cor-
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Figure 2. (a) The circle orbits radius as a function of the given
environmental pressure P . Three regions are in the same as
the regions defined in Fig. (1). (b) The eigenvalue Λmax in
the perturbation analysis. The orbits with Λmax < 0 is stable
(indicated by red symbols). Four representative orbits are
denoted by A - D, which are clockwise stable orbit, clockwise
unstable orbit, counter-clockwise unstable orbit, and counter-
clockwise stable orbit, respectively.
(a) (b)
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Figure 3. The representative trajectories corresponding to the
points A - D in Fig. 2 under small perturbations. (a) The
stable orbit corresponding to point A. The angular velocity
of the particle is the same as the OAM of the beam. (b) &
(c) The unstable orbit corresponding to points B and C. The
radius of the particle oscillates in the trap. (d) The stable
orbit corresponding to point D. The angular velocity of the
particle is opposite to the OAM of the beam.
responding steady-state radius and angular velocity of
the circular motion is r = rD and θ˙ =
√
Fr(rD)/mrD,
where PD and rD are the coordinates of the point D
denoted in Fig. 2. Figure 3(a) shows the transient tra-
jectory with the initial radius perturbed by an amount of
1%, i.e., δr/rA = 0.01. Since the point A is in the stable
region, the initial perturbation decays with time, and the
particle is stabilized at the orbit with radius r = rA. The
(I)
(II)
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Figure 4. Robustness of the anomalous motion under strong
disturbance. The horizontal axis is the relative change of the
initial radius to the radius rD in Fig. 3(d). The vertical axis
is the relative change of the initial angular velocity to the
angular velocity θ˙D in Fig. 3(d). In the yellow region (I),
the particle is stabilized at the anomalous orbit (r = rD).
In the blue region (II), the particle is end up at the beam
axis (r = 0). In the purple region (III), the disturbance is so
strong that the particle escapes from the trap.
angular momentum is in the same direction of the OAM
of the trapping beam (counter-clockwise). However the
same amount perturbation around the unstable trajec-
tories (e.g., the point B and point C in Fig. 2) causes
complex motions of the particle. For small perturbation
(δr/rB = δr/rC = 0.01), the radius r(t) oscillates around
the steady-state solutions rB and rC [as shown in Figs.
3(b) and 3(c)], while strong perturbation may cause the
particle escape from the trap. Similar to Fig. 3(a), Fig.
3(d) shows the stable trajectory in the anomalous re-
gion around the point D in Fig. 2. Driven by the ONT,
the particle has opposite angular momentum direction
(clockwise) to the OAM.
To further study the robustness of the anomalous mo-
tion in Fig. 3(d), we calculate the particle’s trajectory
under strong disturbance. We consider the initial radius
and the initial angular velocity deviations in a region of
δr/rD = [−1, 1] and δθ˙/θ˙D = [−1, 1]. With different ini-
tial disturbance, the particle will end up with three states
in long term: (i) the stable anomalous orbit (r = rD); (ii)
the beam axis (r = 0); and (iii) escaping from the optical
trap (r = ∞). Figure 4 shows that the particle can suf-
fer quite strong disturbance [as strong as ∼ 40% in both
initial radius and initial angular velocity, see the yellow
region (I)]. This result indicates that the anomalous mo-
tion is robust, and is possible to be observed even with
not very precise control of the particle.
III. CONCLUSION
In summary, we have studied the motion of a particle
trapped in a strongly focused LG beam. We predict that,
similar to the optical pulling force in the linear cases, the
4strongly focused beam can provide counter-intuitive op-
tical torques, i.e., the optical negative torques. We fur-
ther show that, the optical negative torques can drive the
trapped particle rotating in the opposite direction of the
OAM of the trapping LG beam. With the analysis of the
motion stability, we conclude that the anomalous motion
driven by the ONT can be observed in experiments.
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